Single crystal fibers (SCF) are considered to be a combination of bulk crystals and conventional fibers, thereby possessing the stable physical and chemical properties accompanied with excellent waveguide properties. This paper gives a detailed introduction to the development history of single crystal fibers, including the evolution of the growth technique and the optimization of the growth process. Laser-heated pedestal growth (LHPG) and Micro-pulling-down (μ-PD) methods are considered to be the most widely used growth techniques for growing single crystal fibers, and the advantages of the two methods are also introduced in detail. The second part of this paper describes the characterization of single crystal fibers, including diameter fluctuation, crystal quality and optical losses. A series of cladding approaches for SCF, such as magnetron sputtering, sol-gel, liquid phase epitaxy, co-drawing LHPG, ion implantation and micro-structure cladding will be reviewed. In addition, the research status of single crystal fiber laser and single crystal fiber sensor are also summarized in view of the current research foundation.
Introduction
Conceptually, single crystal fibers (SCF) are a kind of functional crystal material with a long-range ordered structure and a typical diameter of dozens of microns. SCF are a combination of bulk crystals and traditional fibers [1] , which maintain the advantages of crystals such as high melting points, high thermal conductivity, high laser damage threshold and good mechanical properties. Meanwhile, SCF inherit the large aspect ratio and specific surface area of conventional fibers, which greatly improve their thermal management capabilities. SCF have been widely used in military, medical, information communication, material processing and many other fields due to their excellent comprehensive properties.
SCF have been developed for more than 100 years, and da Costa Andrade [2] produced the first single crystal metal wires in 1914. In 1922, Von Gomperz [3] pioneered the preparation of single crystal metal fibers by using the Edge-defined Film-fed Growth (EFG) method. However, due to the limitations of experimental conditions at that time, the performance of the crystal fiber was unsatisfactory and proved impractical, and thus it didn't arouse widespread interest. It was not until the rapid development of information communication and laser technology in the 1950s, that the development of single crystal fibers was gradually promoted. In 1967, Labelle and Mlavsky [4] reported the preparation of the first sapphire fibers with the diameters of 50-500 μm using the improved Czochralski method with electromagnetic induction heating. In 1970, Gasson [5] used a laser heating zone melting method to prepare Y 2 O 3 , CaZrO 3 and MgAl 2 O 4 SCF with a minimum diameter of 5 mm, which is the basis of the laser heating pedestal growth (LHPG) method. In 1971, LaBelle and Mlavslcy [6] first reported the growth of single crystal fibers by the Edge-defined Film-fed Growth method, and successfully prepared sapphire fibers with a diameter of 0.5-1 mm and a length to diameter ratio of several hundred times. In 1972, Haggerty [7] developed the laser heating floating zone method using a four-beam heating floating zone technique and successfully prepared α-Al 2 O 3 , SiC, and TiB 2 SCF, which is a milestone in the development of the LHPG method. In 1975 Burros and Stone [8] prepared Nd:YAG SCF with a diameter of 50 μm using a modified zone melting technique. Subsequently, Burros and Coldren [9] successfully prepared a ruby fiber with sapphire cladding and achieved continuous-wave (CW) output using a ruby fiber laser for the first time [10] . Based on the above research, researchers at Stanford University further improved the laser heating floating zone method and invented the LHPG method, where a circularly-distributed CO 2 laser beam was used for heating for the first time, which is still widely used in modern LHPG equipment and is widely used in commercial LHPG equipment. [11] [12] [13] [14] [15] [16] [17] [18] The annular heating technology of the LHPG method greatly improved the uniformity of crystal growth, and the square root of the fluctuation in the diameter of the as-grown YAG single crystal fibers was less than 0.5%. Furthermore, Feigelson, one of the inventors of the LHPG method, had successfully prepared LiNbO 3 [19] and BaB 2 O 4 [20] single crystal fibers for nonlinear optical applications as well as Bi 2 Sr 2 CaCu 2 O 8 fibers for superconducting experiments [21] , which greatly promoted the development of SCF. After that, with the rapid development of Micro-pullingdown technology in the 1990s, the preparation methods of SCF has gradually diversified. Furthermore, the types and application fields of SCF has greatly expanded [22] [23] [24] [25] [26] [27] [28] .
As an excellent fiber laser gain medium, SCF are expected to solve problems like low thermal conductivity, low service life and low laser damage threshold of silica fibers.
As shown in Table 1 , compared with silica fibers, YAG SCF possesses a higher melting point (1950 °C), strength (56Gpa), doping concentration (~ 10 at. %) and thermal conductivity (~ 10 W m K −1 ) together with a lower Brillouin gain coefficient (< 10 −13 m/W). Theoretically, the maximum single-mode output power of YAG SCF is more than 100 times higher than silica fibers [29, 30] . Therefore, single crystal fibers are considered as the gain medium of the next generation high power laser.
In the fields of military, aerospace, chemical engineering and automotive manufacturing, precise temperature measurements are required for temperatures above 1500 °C, some of which are often accompanied by intense thermal shock. Thermocouples and glass fiber sensors are the most widely used contact-type temperature sensor, but there are still many limitations. Thermocouples have a slow response rate and are easily oxidized, making it difficult to perform transient high-temperature measurements in harsh environments. High-temperature measurements using glass fiber sensors are difficult to perform above 1800 °C due to a lower glass-transition temperature (~ 1000 °C). However, sensors based on crystal fibers possess high temperature stability and transient response characteristics unmatched by thermocouples and glass fiber sensors, mostly attributed to their high melting point, excellent mechanical properties and stable physical and chemical properties. Therefore, the use of single crystal fiber sensors for transient high-temperature measurements in harsh environments above 1800 °C has been growing.
Growth of Single Crystal Fibers
There are various types of growth techniques for single crystal fibers, among which, μ-PD and LHPG are the two main methods. The μ-PD technology was gradually developed at Tohoku University in the 1990s. As shown in Fig. 1 , the [30] . Copyright 2013, The international society for optics and photonics) 1 3 technical feature of the μ-PD method is the use of microchannel technology at the bottom of the crucible and the melt is pulled downwards through the region of radio frequency or resistance heating, which is different from the traditional Czochralski method. The μ-PD method is considered to be a variant of the EFG method. These two methods can achieve multi-crystal growth and produce crystals with a specific shape by controlling the shape of the crucible or the die [31] . However, due to its pulling-down growth systems, the μ-PD method has a large effective segregation coefficient and any bubbles forming in the melt are easily removed, which is beneficial for obtaining single crystal fibers with high-doping concentration and less defects [32] . Furthermore, compared with the EFG method, continuous feeding is also applicable to the μ-PD method because of the free melt surface [24] . The feed material can be supplied using gravity as a driving force and it is easy to grow a meter long crystal fiber with a diameter from 0.4 to 3 mm.
The LHPG method evolved from the optical floating zone method. Compared with the floating zone method, the LHPG method has a smaller melting zone and a larger temperature gradient, which is beneficial to the growth of crystal fibers. The diameter of the SCF can be controlled by adjusting the pull ratio of seed crystal and source rod. The radii of SCF prepared by different kinds of source rods can be calculated using the following formulas:
where A, V s , V c , ρ s and ρ c represent the cross-sectional area of the source rod, the feed rate of the source rod, the rate of crystal pulling, the density of the source rod and the density of the crystal fiber, respectively. As shown in Fig. 2 there is no crucible in the LHPG system, which helps to avoid any contamination caused by a crucible and the interaction
between the crucible and the melt. Additionally, a circulardistribution CO 2 laser is used for heating, and the temperature of the melting zone can exceed 3000 °C, which is conducive to the exploration of the crystal fibers with ultra-high melting points. Furthermore, the growth rate of the LHPG method can reach several micrometers per minute,which is even faster than theμ-PD method. The diameter is an important parameter affecting the performance of crystal fibers. SCF with a diameter of more than 100 μm have a large aspect ratio, but they still retain some of the shape characteristics of bulk crystals. This type of SCF is considered to be the transitional state between bulk crystal and conventional fibers. SCF with diameters of less than 100 μm are regarded as quasi-two-dimensional crystal materials, which are expected to break through the bottleneck of the development of traditional glass fibers. Due to the difficulty in processing micro-scale channels, the growth of the SCF with diameters of less than 100 μm is mainly based on the LHPG method. The LHPG system in the US Naval Research Laboratory (NRL) is considered to be the most advanced single crystal fiber growth system (Fig. 3) . A typical advertised stability of commercial CO 2 lasers is ± 3%. For example, an Epilog (Zing Laser) 30 W laser has a stability of ± 1%, and a Synrad 200 W laser has a stability of ± 5%. However, the power stability of the LHPG system of the NRL is ± 0.17%, improving the fiber diameter control and uniformity. As shown in Fig. 4c , a YAG single crystal fiber with the diameter of 17 µm and length up to 1 m has been drawn at a rate of 2 mm/min and 1:5 fiber diameter reduction ratio, which is the finest SCF reported so far. [33] .
Our group is mainly engaged in research of oxide crystal fibers, with nearly 10 years of experience. Our laboratory is equipped with a μ-PD system and a LHPG system to meet the growth requirements of different materials and different sizes of crystal fibers. (Figure 4 ) The μ-PD system is mainly used to grow high-quality crystal fibers with a diameter range of 0.4-1 mm and melting point of less than 2200 °C. In order to avoid the accumulation and climbing of the melt at the bottom of the crucible, we redesigned the shape of the microchannel at the bottom of the crucible, attached a right angle nozzle under the microchannel and polished the nozzle rigorously. Through the optimization of the crucible and the afterheater, the solid-liquid interface exhibits a flat growth interface, which is beneficial for maintaining equal -diameter growth.
Our LHPG system is equipped with a 400 W CO 2 laser and the heating temperature can exceed 3000 °C. Therefore, not only can this device prepare ultra-fine diameter single crystal fibers, but it is also able to grow high melting point oxide fibers such as ZrO 2 and HfO 2 . The melting point of ZrO 2 is 2715 °C and consequently there is significant evaporation during the growth process. We carried out crystal growth in a high oxygen partial pressure environment or even pure oxygen environment to suppress the volatilization of ZrO 2 . Moreover, there is need to contend with multiple phases in ZrO 2 . With the decreasing temperature, ZrO 2 has phase transitions from a cubic to a tetragonal phase, and then to a monoclinic phase. In order to obtain the cubic ZrO 2 phase, we incorporated Y 2 O 3 as a stabilizer and increase the drawing rate to 2 mm/min, which mskrd it difficult for the cubic phase to convert to other phases. Figure 5 shows some oxide crystal fibers grown by our LHPG system.
Characterization of Single Crystal Fibers

Diameter Fluctuation
The diameter fluctuation of SCF has a huge impact on its properties. In the growth process of ultra-fine-diameter SCF, the diameter fluctuation is difficult to avoid due to the power fluctuation of the CO 2 laser. As shown in Fig. 6 , a Lab-VIEW feed-back loop combined with a laser micrometer feedback loop are added to the LHPG system to improve the stability of the melt zone. The CO 2 laser used here is controlled in LabVIEW by varying the voltage, and the output power stability improves from 0.314 to 0.126% with this feedback system. [34] Meanwhile, a PID feedback loop monitors the diameter of the fiber during the growth. The laser micrometer reads the instantaneous diameter of the fiber and the instantaneous fiber pulling speed will be optimized by adjusting the motor velocity through the feedback loop. The feedback diameter control loop, combined with the stabilized power, reduces the maximum diameter fluctuation of SCF from 7% to less than 1%. [30] .
Crystal Quality
The quality of SCF can be characterized by the crystallinity and optical uniformity of the crystal. Due to the small size of SCF, it is hard to characterize the crystallinity using test methods for bulk crystals such as rocking curves. Therefore, the crystallinity of a single crystal fibers is generally characterized by Laue diffraction. We carried out the Laue diffraction test along the side of the crystal fiber. The results show that the diffraction spots are clear and the diffraction pattern is consistent, indicating that the crystal fiber obtained has the same crystal orientation and good crystallinity, shown in Fig. 7a . The optical uniformity of bulk crystals can be characterized using a laser interferometer, but this method is not suitable for crystal fibers. For optical fibers, we usually use the beam quality factor M 2 to judge the optical uniformity. The most common method is to let a He-Ne laser pass through an end-polished SCF along the axial direction and use a Charge Coupled Device (CCD) to analyze the beam quality of the laser light after passing through the crystal fiber. We have tested the beam quality of He-Ne laser light passing through a YAG SCF with a diameter of 1 mm and a length of 50 mm and the M 2 was calculated to be 1.08, indicating that the SCF possessed good optical uniformity, shown in Fig. 7b . 
Optical Losses
The optical losses of SCF are mostly caused by background absorption, crystal defects and surface effects that greatly affect the transmission efficiency. Researchers at Rutgers University have reported a careful measurements of the losses for undoped YAG fibers at different laser wavelengths using the cut-back method [35] . The light was coupled into a fiber with a diameter of 330 μm and a length of 40 cm using a 9 cm focal length lens to make sure that the spot size was smaller than the fiber core. As shown in Fig. 7 , the measured loss coefficient of the undoped YAG SCF in the 500 nm-1000 nm band is less than 0.006 dB/cm, which is the lowest published loss of undoped YAG fibers. The total losses are a sum of the scattering losses, and the absorptive losses. To better understand the nature of the losses, researchers used a two-inch integrating sphere (ThorlabsIS200) with a silicon photoconductive detector to measure the scattering contribution to the total loss. The same light was coupled into the fiber and the integrating sphere was moved along the YAG SCF. There is a substantial signal from the output end reflection when the sphere is near the output end of the fiber because of the high refractive index of YAG. The scattering loss coefficient at different wavelengths is shown in Fig. 7c , and is estimated to be about 30% of the total loss. [35] .
In addition, workers at US Army Research Laboratory have reported the propagation attenuation coefficient of Yb: YAG SCF. [36] Propagation loss refers to the arising from the transmission inside the fiber, equal to the total loss minus the reflection loss at the end face. The following standard formulas were used to calculate the attenuation coefficients on a log scale:
where L, P out , P in denote the fiber length, the output laser power, and the input laser power, respectively. They used a He-Ne laser as the source, and an Yb: YAG SCF with the length of 5 cm as the test sample. When the input power is 27.1 mW, the output power is measured to be 22.3 mW. According to Fresnel reflection, the reflection loss at the interface between YAG and air during propagation is about 15% of the input power. The propagation attenuation coefficient of Yb: YAG SCF at 633 nm is calculated by the subtraction of the reflection loss to be 0.011 dB/cm.
Due to the difference in the polishing accuracy of the end face, there are often some deviations in the reflection loss obtained by theoretical calculation. In order to measure the propagation loss of Yb: YAG SCF, we selected two parts of different lengths from the same fiber as samples and carried out the end face polishing under the same condition. The input powers of the two fibers are the same, and the difference between the output powers can be approximated as the propagation attenuation loss of ΔL. From the results shown in Table 2 , we found that the propagation attenuation coefficient of Yb: YAG is as low as 0.008 dB/cm, which is beneficial for efficient laser output. It is necessary to maintain high quality fiber end faces as well as the surface along the fiber to reduce the energy loss for high power lasers. Integrated device construction has high requirements for surface roughness of single crystal fibers and coupling efficiency between the components. In 2012, researchers at the US Naval Research Laboratory reported the end face processing of a YAG SCF with a diameter of 30 μm and a length of 20 cm (Fig. 8) [37] . The surface roughness of the YAG SCF is less than 3 nm after a two-step polishing and cleaning process, which will greatly reduce the energy loss caused by the reflection at the end face.
Since most of the components of fiber devices are silica, integrating the crystal fiber with silica fiber-based components has become one of the biggest challenges in utilizing YAG crystal fibers for high power applications. Mechanical splicing and free-space coupling techniques still cause a lot of energy loss. Fusion splicing is the preferred technique because of its higher stability, higher throughput and better thermal management, but splices between materials with dissimilar thermal expansion and melting points are particularly difficult to create. Due to the complex thermal effects in the process of melting and solidification, the crystal should be prevented from melting during splicing. In 1995, Barnes attempt to connect sapphire crystal and alum inosilicate glass fibers using fusion splicing, but the losses at the splice zone were up to 10 dB. [38] .
Rajesh Thapa used a filament-based commercial splicer, Vytran GPX-3000, to develop a silica-YAG fiber splice with the diameter of 100 μm. In order to minimize contamination, the end faces of the fibers need to be polished before the splicing process. The YAG and silica fibers expand in their lateral direction during the heating process, so they used an initial separation of approximately 10 µm between the two fibers. Additionally, the heating element was offset toward the YAG SCF side by 0.5 mm from center to prevent the overheating of the silica fiber ( Figure 9) . A splice loss of 0.33 dB (± 0.02 dB) was measured using a 1.6 µm laser source, which did not correct for the Fresnel loss (around 0.06 dB) at the YAG-silica spliced interface. The mechanical strength of the splice was measured using a Vytran tensile strength tester (GPX-3000) and more than 400 g of tension along the axial direction was measured, which is equivalent to ~ 50 kpsi of tensile strength. [39] .
Single Crystal Fiber Cladding Approaches
To date, most of the commercial SCF are multimode without cladding, which bring significant difficulties for their operation especially in areas of high-power lasers and information communication. We can achieve total reflection by adjusting the refractive index of the claddings so as to reduce the propagation loss caused by particulates and contaminants from the surrounding media [40] . Excellent cladding materials must possess a refractive index lower than the core and a thermal expansion coefficient close to that of core materials, while simultaneously exhibit thermo-chemical and mechanical stability [41] . The best approaches thus far are summarized below.
Magnetron Sputtering
In 2018, workers at the US NRL reported the preparation of YAG cladding using a magnetron sputtering method. The YAG SCF needed to be ultrasonically filtered in acetone to remove surface impurities. The treated YAG SCF were placed in a deposition chamber containing a mixture of Ar and O 2 . Claddings were grown using RF magnetron sputtering from multiple high purity YAG targets to increase the deposition rate and cladding uniformity. The whole process lasted for hundreds of hours and the resulting claddings are uniform, with a thickness of 20-30 μm. As shown in Fig. 10 , no scattering emission is visible from the fiber when the sputter-clad fiber is illuminated with a He-Ne laser [42] . 
Sol-Gel Method
The key to the sol-gel method is the preparation of the precursor and the optimization of the sintering process. In 2014, [43] . In the first step, the nanoalumina powder, ethanol and surfactant are mixed in proportion. Then, the prepared precursor is uniformly dippedcoated on to the surface of the Ti: Al 2 O 3 SCF. The coated fiber was placed in a sintering furnace after dehydration and sintered at 1650 °C for 2 h (Figure 11 ). The dipping speed and incident angle influence the shape of the solid-liquid interface and thus change the thickness of the ceramic cladding. Higher dipping speeds and larger incident angles provide a thicker cladding, but a large number of bubbles (pores) are generated due to the imbalanced surface tension. Perpendicularly dipping is regarded as the best way to control the interfacial adhesion properties and achieve a pore-free ceramic cladding. The cladding layer obtained can exhibit always delamination phenomenon. As shown in Fig. 11 , the outer layer is a ceramic layer composed of dense alumina grains. optical waveguide is firmly locked in the core region, which is conducive to single-mode laser output.
Liquid Phase Epitaxy
The liquid phase epitaxy (LPE) method is commonly used to prepare crystalline claddings, and the equipment consists mainly of the following parts: heating furnace, iridium crucible and mobile unit. During the growth process, crystal fiber is immersed in the molten flux as the seed, then the cladding material crystallizes on the surface of the fiber.
In 2018, researchers at the US Army Research Laboratory (ARL) reported the preparation of YAG crystalline cladding on the surface of Yb: YAG SCF by the LPE method. Nano-sized Y 2 O 3 and Al 2 O 3 powders were added to the flux and the cladding growth temperature was maintained at 900-1150 °C. The thickness of the resulting cladding was about 1-150 μm, and could be adjusted by varying the growth time. The major elements of the core and cladding regions were measured to be oxygen, aluminum and yttrium, which are consistent with YAG composition. There are no Ytterbium found in the cladding, indicating that no Yb ions diffuse into the cladding region during the LPE deposition process. As shown in Fig. 12 , the cladding exhibited clear cross-sectional hexagonality due to the seeded core growth in a < 111 > orientation. The single-crystalline cladding can be confirmed with the XRD pattern shown in Fig. 12c , and there is no diffraction peaks except (220), (440) and (880), which confirms that the cladding grown is a single-crystalline YAG cladding. Because of the higher refractive index of the Yb:YAG single crystal core (~ 1.6 × 10 −4 ) [44] , the C4 (crystalline-core/crystalline-cladding) fiber can achieve waveguide behavior and we can see that the brightness of the core area is higher than that of the cladding. (Figure 12b ) The propagation loss of the C4 fiber was measured to be 0.011 dB/cm and delivered 50 W of quasi-continuous-wave (Q-CW) laser power with an optical-to-optical laser efficiency approaching 70% [36] .
Co-Drawing LHPG
The co-drawing LHPG (CDLHPG) method was developed to obtain double cladding of fibers and to reduce the core diameter [45, 46] . In 2008, workers from National Sun YatSen University reported obtaining a Cr 4+ : YAG double-clad crystal fiber fabricated by a sapphire tube assisted CDL-HPG technique [47] . The Cr 4+ : YAG single crystal fiber was inserted into a fused-silica capillary to form the cladding layer, and the double cladding structure arises with the formation of the inner cladding consisting of a fused silica and YAG mixture. The core diameter is reduced with the formation of the inner cladding, where the minimum diameter can be as small as 10 μm, which is difficult to obtain by the LHPG method. However, the core diameter is very sensitive to power fluctuations when the core diameter is small, resulting in an almost 60% vriation for a 10-μm-core fiber. In order to improve the core uniformity, researchers incorporated a sapphire tube in the CDLHPG system to suppress power fluctuations in the heating laser for the first time. The heat capacity effect of the sapphire tube has been used to prepare glass fibers with a diameter of several tens of nanometers [48] . As shown in Fig. 13 , a Cr 4+ : YAG SCF with a diameter of 76 μm was placed in a silica capillary to form a source rod. A sapphire tube is located outside the source rod to control the internal temperature. The heating temperature is between the softening temperature of the fused silica (1600 °C) and the melting point of YAG (1970 °C). The heating causes a strong inter-diffusion between the YAG core and fused-silica capillary, forming a small-core single crystal fiber with a double cladding structure. As we can see from Fig. 13 , a 10-μm-core double cladding fiber was obtained after the co-drawing process and the diameter fluctuation was reduced from 58 to 17% by using the sapphire tube in the growth system.
Further research found that the use of sapphire tube not only reduced the fluctuation but also optimized the end faces. As shown in Fig. 14a-c , as the core diameter decreased, the shape of the end face changed from a circular to a hexagonal shape, which was caused by the super cooling of the melt on the growth interface [49] . When the core diameter became smaller, the large temperature gradient along the [111] orientation caused abnormal growth of the {110} and {112} faces, forming a large number of dendrites. However, the length of the melt zone was increased from 400 μm to 1000 μm and the temperature gradient was reduced by 60% after using the sapphire tube assisted method. As shown in Fig. 14d-f , the smaller temperature gradient surpressed the abnormal growth of the {110} and {112} faces, reducing the end face deformation size by 6 μm. The fiber grown by the sapphire tube assisted method possessed better optical uniformity and a smoother interface, and the propagation loss coefficient was reduced from 0.06 to 0.02 dB/cm.
Ion Implantation
William Spratt, et al. have demonstrated a continuous radially symmetric cladding layer in a single crystal sapphire fiber with the diameter of less than 200 μm through hydrogen ion implantation [50] [51] [52] . As we can see from the Fig. 15 , hydrogen ion implantation is performed at room temperature, and the axial direction of the fiber is perpendicular to the impinging ion beam with continuous rotation around the axis. This kind of cladding can maintain thermal stability at 1700 °C. The authors confirmed the existence of cladding formed by H-ion implantation by comparing nearfield imaging of the hydrogen ion implanted sample and the unplanted sample. They found that the implanted hydrogen ions produced an optical waveguide inside the fiber, and the light was uniformly distributed in the end face except the cladding region. When the narrow-band infrared light was passed through a double hydrogen ion implanted fiber, discrete patterns of light intensity appeared within the annular band between the two implanted layers, suggesting that particular optical modes for optical signal propagation and detection can be selected by making multiple claddings in crystal fibers using hydrogen ion implantation method.
The researchers further demonstrated that the change in refractive index is not caused by the presence of hydrogen but by cavities or voids formed after hydrogen ion implantation. TEM measurements show the formation of nanoscale voids in sapphire crystals when the annealing temperature exceeds 1000 °C. The size of the voids vary with the annealing temperature and range from 10 to 20 nm. The researchers also calculated through numerical simulations the optimal size of the voids needed to improve light propagation. The ion implantation cladding method changes the refractive index of the surface of the crystal fiber and avoids the delamination of claddings, which is beneficial for applications in harsh environments [41] . 
Micro-Structure Cladding
With the development of photonic crystals, researchers began to apply the concept of microstructure to single crystal fiber claddings. Researchers from Virginia Tech reported a windmill-type sapphire fiber, which was etched and processed to form periodically distributed grooves to reduce the refractive index of the outer layer [53] . As shown in Fig. 16 , the shape of the windmill-type sapphire fiber depends on the width, the depth, and the number of etched areas. This kind of microstructure could reduce the core diameter while obtaining a cladding structure.
Simulation results show that the waveguide mode in a windmill-shaped sapphire crystal fiber are significantly low than for an untreated sapphire fiber. As the etch depth and etch width increase, the number of waveguide modes decreased, when applied to the sapphire fibers with different diameters (Fig. 17) . Based on the previous work, the workers from Virginia Tech also achieved single-mode waveguide at 783 nm and 983 nm using a sapphire single crystal with a diameter of 6.5 μm that was etched from a starting diameter of 125 μm (Fig. 18) . The etching solution was a mixture of sulfuric acids and phosphoric acid and the etching rate was about 2.3 μm/h [54] . However, the higher cost and lower etching efficiency of the wet etching method have limited its commercial implementation [41] .
Applications of Single Crystal Fibers
Single Crystal Fiber Lasers
Single crystal fiber lasers have made some progress with the improvement of the crystal fibers. Research into single crystal fiber lasers can be divided into two areas according to the size of the crystal fiber. The first area is called "transitional" single crystal fiber lasers, which is based on crystal fibers with a typical diameter of 0.1-1 mm. This kind of SCF is considered to be a transitional material between a bulk crystal and a silica fiber without a cladding structure (Fig. 19) . "Transitional" crystal fiber are used mostly in high energy laser research, which is mainly due to the following characteristics. First, the "transitional" crystal fiber has a simple growth process and a high preparation efficiency, greatly reducing its production cost. Second, it is easy to couple pump light into the fiber because of the larger diameter, which is beneficial to improving the pump efficiency.
The second type is similar to traditional silica fiber lasers with a core diameter of less than 0.1 mm, except that the core is a doped crystal fiber rather than a pure silica fiber. This kind of SCF, also called a cladding crystal fiber, is flexible and usually needs claddings to achieve total reflection (Fig. 19) . Ultra-fine diameter single crystal fibers have greater specific surface area and better thermal management capability, which is believed to be a better gain medium for single mode lasers. Doped YAG crystal fibers are the most widely used gain material for single crystal fiber lasers, with application wavelength ranges from 1 to 3 μm. [56] [57] [58] Researchers from CNRS have demonstrated a Yb: YAG single-crystal fiber continuous-wave laser: a maximum output power of 251 W was measured for an output mirror reflecting 70% and at an incident pump power of 570 W resulting in a slope efficiency of 53% (Fig. 20) . This is the highest output power and slope efficiency ever measured in a single-crystal fiber lasers [59] . The crystal fiber used in the experiments had a diameter of 1 mm and a low doping concentration of 1%. Further research indicated that small diameter and low doping concentration are able to reduce the thermal load inside the crystal. Through finite element analysis, the researchers found that the maximum temperature difference between the center and the edge of the fiber was increased slightly to 46 K under 600 W incident pump power when using a 1 mm diameter 40 mm long YAG crystal fiber. The temperature difference for a 3 mm diameter YAG crystal fiber under the same conditions would be more than two times higher, reaching 117 K.
Solid-state lasers with emissions at ∼ 2 μm are safe to human eye with high atmospheric transmittance, and are widely used in medical, military and remote sensing. [60] [61] [62] At the same time, it is possible to obtain 3-5 μm and 8-12 μm mid-infrared lasers by pumping nonlinear crystals with a 2 μm laser. Therefore, Ho: YAG single crystal fiber lasers have gradually become a research hotspot. Researchers from Clemson University prepared a 0.5% Ho: YAG single crystal fiber by the LHPG method with a diameter of 320 μm and a length of 28 cm [63] . The loss for the as-grown crystal fiber was measured to be 0.88 dB/m at 1.06 μm and approximately 1.3 dB/m at 2.0 µm, indicating good crystal quality. A segment of 115 mm was used for the laser experiment and it was pumped using a TEM 00 1908 nm Tm: fiber laser in either continuous-wave or pulsed mode (Fig. 21) . It was found that the pulsed mode pumping could reduce the thermal load inside the crystal fiber. The maximum output laser power of 23.5 W was achieved under pulsed mode pumping and the slope efficiency was measured to be 67.5%. As far as we know, this is the highest continuous-wave output power achieved at 2 µm using a single crystal fiber [64] .
In addition, researchers from Jiangsu Normal University reported a Q-switched Ho:YAG single crystal fiber laser in the 2 μm spectral range for the first time [65] . The 0.6% Hodoped YAG SCF with 920 μm diameter and 16 cm length was grown by the μ-PD method at the rate of 0.5 mm/min (Fig. 22) . They selected a < 111 > oriented fiber with a length of 22 mm for the laser experiment. The pump source with continuous-wave and Q-switching was a homemade Tmdoped all-fiber laser (TDFL). As shown in Fig. 23 , a maximum output power of 12.5 W was achieved at 30 W incident pump power with a slope efficiency of 62% after correcting the Fresnel reflection in the continuous-wave laser measurement. Additionally, the highest pulse energy of 1.44 mJ and the minimum pulse width of 7.5 ns were obtained with the repetition rate of 1 kHz, and the peak power was measured to be 0.19 MW. 
Single Crystal Fiber Sensor
In recent years, fiber sensors have developed rapidly due to their high sensitivity, small size, and excellent anti-interference ability. Sensors based on silica fibers have been widely used for measurement of temperature and stress, and the defection of chemicals. However, due to the limitation of melting point, it is difficult for silica fiber to maintain high stability at high temperatures [66] [67] [68] . Compared with silica fibers, sapphire fibers have a melting point of over 2000 °C and exhibit more stable physical and chemical properties, as well as better optical transparency in the UV to IR range [41] . As we can see from Fig. 24 , conventional silica fibers can be effectively utilized within a temperature range from room temperature to 500 °C. When the working temperature exceeds 500 °C, the silica fibers are susceptible to water and hydrogen in the surrounding environment and show embrittlement [69] . In such environments researchers need to use a refractory coating to protect the fiber. Use of silica fibers for sensors becomes problematic when their temperature exceeds 900 °C due to the inherent thermal instability. In contrast, sapphire fibers maintain high stability at 1800 °C and have a potential for applications at temperatures of up to 2000 °C. Therefore, sapphire fibers are considered to be a more promising material for work in aggressive temperature and environmental conditions [70] [71] [72] .
The first sapphire fiber pyrometer was successfully developed by R.R. Dils in 1983 [73, 74] . In 1988, the idea of replacing a thermocouple with a sapphire fiber sensor was first proposed by Allison. Nowadays, this advanced fiber sensor has replaced the thermocouples for temperature measurement at turbine inlets of certain jet engines. There are several widely used temperature sensors based on sapphire fibers. Figure 25 shows the sapphire fiber Bragg grating (SFBG) sensors demonstrated by researchers from Leibniz-Institute of Photonic Technology.
The principle of the SFBG sensor is that the refractive index inside the grating will be periodically disturbed by temperature and the periodic perturbation of the refractive index leads to light of a specific wavelength being reflected. The wavelength of the reflected light satisfies the following formula:
where Λ, n eff , and λ represent the grating period, the core refractive index, and the wavelength, respectively. That temperature is measured through the correspondence between temperature and wavelength of the reflected light. As shown in Fig. 25 , the sensor provided fast dynamic temperature monitoring at an unprecedented rate of 20 Hz and detection temperatures up to 1900 °C with a temperature resolution better than ± 2 K, which is the highest temperature determined using Bragg grating sensors. [75] .
Sapphire fiber temperature sensors based on blackbody radiation are another widely used high-temperature sensor. According to Planck's law, the relationship between the spectral radiation emitted by an ideal black body and temperature can be expressed as follows:
where λ, h, c, and k represent the radiation wavelength, Planck's constant, the velocity of an electromagnetic wave in vacuum, and Boltzmann's constant, respectively. Researchers from Nanjing Normal University sputtered a metal molybdenum film to one end of a sapphire fiber to form a black body cavity, and sintered a layer of Al 2 O 3 on the surface to protect it (Fig. 26) . The spectra radiance of the sapphire fiber blackbody cavity from 900 to 1200 °C was obtained through an optical spectrum analyzer. As can be seen from Fig. 26 , the total radiated energy increases and the peak of the radiation curve shifts to shorter wavelengths as the temperature increases, indicating that the spectral response of the sapphire fiber blackbody cavity sensor is in agreement with that of an ideal blackbody. Representative measurement results from 1760 to 1880 °C were in good agreement with data obtained from a reference infrared pyrometer with a maximum deviation of 5 °C [76] . Excellent temperature measurement performance accompanied with a simple and efficient fabrication process demonstrated the practical applicability of SFBG to extremely high-temperature measurement applications. In 2017, researchers from North University of China reported a sapphire ultrasonic temperature sensor, which possessed working stability, autoxidation properties, and small acoustic-signal attenuation. Temperature values were obtained according to the relationship between sound velocity and temperature, and the sound velocity was calculated through a measurement of ultrasonic transit times. As shown in Fig. 27 , the sensitive area was fabricated with a length of L. When the ultrasonic sound passes through the sapphire fiber, the sound velocity was obtained using the following equation:
where Δt (T) represents the delay time between the end face and groove. It was found that the ambient temperature was linearly related to the speed of sound, which was beneficial to improvement of the temperature measurement accuracy ( Figure 27) . A long period (6 h) and high temperature (> 1600 °C) measurement with a V-T fit of 0.998 ± 0.001 was achieved using a sapphire ultrasonic temperature sensor. This sapphire ultrasonic temperature sensor avoided the influence of stray light in high temperature measurements and overcame the temperature limit (> 600 °C) of black body sensors [77] . 
Conclusions
This review provides a detailed discussion of the growth, characterization, cladding approaches and applications of single crystal fibers. Firstly, based on LHPG and μ-PD methods, the single crystal fiber growth technology and current research status are systematically introduced. The second part of this review includes the characterization of single crystal fibers including diameter fluctuation, crystal quality and optical losses. The measurement methods and metrics are also reviewed. The third part focuses on single crystal fiber claddings and a series cladding methods such as magnetron sputtering, sol-gel, liquid phase epitaxy, co-drawing LHPG, ion implantation and micro-structure cladding. The last part summarizes the research status of single crystal fibers, including the fields of high power laser and high temperature sensing. A maximum CW output power of 251 W and a sensing temperature of up to 1800 °C have been achieved using single crystal fibers.
Based on the rapid development and the remarkable progress of SCF that has been made in recent years, SCF have been gradually applied to many research fields. Nevertheless, there are still many challenges in the study of single crystal fibers. Improving the quality of SCF, achieving "one-dimensional" SCF and broadening the types of SCF represent the main challenges in the future. In theory, all functional crystal materials can be prepared into crystal fibers. Therefore, SCF are possible for use in any field where functional crystals can be applied, and can play unique roles. Authors believe that with the further development, the application fields of SCF will be further broadened. Single crystal fibers will no longer be confined to the laboratory, but will become increasingly part of our daily lives in the near future. 
